Introduction
Erebus volcano is a 3794-m-high polygenetic stratovolcano located on Ross Island in the southern Ross Sea, Antarctica (Fig. 1) . As the most active volcano in Antarctica, Erebus is best known for its persistent anorthoclase phonolite lava lake, frequent Strombolian eruptions, and long-term magmatic stability (Kyle et al., 1992; Aster et al., 2003; Oppenheimer and Kyle, 2008; Iverson et al., 2014) . Volcanic activity of Erebus spans at least 1.3 Ma, with erupted lavas and tephra ranging in composition from basanite to phonolite Kelly et al., 2008b) . No eruptions producing lava flows have occurred on Erebus since its discovery in 1841; however, a series of young-looking flows near the summit suggests a period of recent effusive eruptive activity. The ages of these flows are essential for understanding the current constructive phase of Erebus and its potential for future eruptions.
The eruptive history of Erebus volcano has previously been investigated using 40 Ar/ 39 Ar geochronology Harpel et al., 2004; Kelly et al., 2008a) . While 40 Ar/ 39 Ar ages have been crucial to developing our understanding of the growth and evolution of Erebus, ages of the youngest flows (<30 ka) are imprecise and potentially inaccurate due to low concentrations of radiogenic 40 Ar and high concentrations of magmatic excess 40 Ar trapped in melt inclusions (Esser et al., 1997) . Precise dating of these flows is important for evaluating the frequency and eruption rates of effusive eruptions on Erebus and determining whether Erebus is still in the midst of an effusive eruptive phase. Young lava flows with excess 40 Ar may be more precisely dated using cosmogenic nuclides, which have been used in other studies to date surfaces as young as a few hundred years, if the surfaces of the flows have been continuously exposed and experienced minimal erosion since emplacement (e.g., Kurz et al., 1990; Cerling et al., 1999; Licciardi et al., 1999; Hungerford et al., 2002; Fenton and Niedermann, 2014) . Erebus is an outstanding location for cosmogenic dating because its high latitude, high elevation, and the anomalously low air pressure over Antarctica (Stone, 2000) result in some of the highest cosmogenic production rates on Earth.
In this paper, we measure cosmogenic 3 He in clinopyroxene and olivine and 36 Cl in anorthoclase to determine the exposure ages of the youngest lava flows on Erebus volcano. Determining ages using two different nuclides on the same samples permits better assessment of the accuracy of each method and provides a useful comparison of the recently calibrated 3 He and 36 Cl production rates from Borchers et al. (2015) and Marrero et al. (2015b) . These new ages of lava flows previously dated by 40 Ar/ 39 Ar and, in some cases, 36 Cl in whole rock provide insight into the efficacy of different dating methods for young (<10 ka) rocks. Our results show that the youngest lava flows on Erebus were erupted over a shorter interval than previously thought. We use the new ages to present a revised chronology of recent effusive eruptions and to examine repose rates of the volcanism.
Erebus volcano
Erebus volcano lies at the southern end of the Terror Rift, a zone of Late Cenozoic extension and volcanism located near the western margin of the intra-continental West Antarctic Rift System (WARS) (Behrendt, 1999; Hall et al., 2007; Rilling et al., 2009) . It is one of 50 major alkaline, mainly silica-undersaturated volcanoes within the WARS that belong to the McMurdo Volcanic Group (Kyle, 1990) . It has been proposed that Erebus and the three other volcanoes on Ross Island (Mt. Terror, Mt. Bird, and Hut Point Peninsula) overlie a mantle hot-spot (Kyle et al., 1992; Behrendt, 1999; Gupta et al., 2009) . used 40 Ar/ 39 Ar ages to examine the history of Erebus. They divide it into three phases: 1) a proto-Erebus shield building phase (1.3e1.0 Ma), during which basanites and tephrites were erupted to form a broad shield volcano; 2) a proto-Erebus cone building phase (1.0 Mae250 ka), marked by the eruption of more evolved phonotephrites and tephriphonolites to form a more steeply-sloping cone; and 3) the modern Erebus cone building phase (250 kaepresent), when anorthoclase-phyric tephriphonolites and phonolites erupted at an increased rate to form most of the upper volcanic structure seen today. Additional 40 Ar/ 39 Ar dating by Harpel et al. (2004) and Kelly et al. (2008a) showed that flows have been erupted near the present-day summit of Erebus for at least the last 172 ka, and that for the past 25 ka the summit area has been the exclusive center of activity. Current activity consists of periodic small Strombolian eruptions from a long-lived convecting lava lake in the Main Crater, which can eject lava bombs up to 1 km from the summit (Caldwell and Kyle, 1994; Oppenheimer et al., 2011; Gerst et al., 2013) , and rare small phreatic eruptions (Dibble et al., 1994) .
The most recent large eruptions on Erebus resulted in the formation of a summit caldera and subsequent infilling of the caldera by anorthoclase-phyric phonolite lava flows, forming a broad, gently sloping plateau. Harpel et al. (2004) proposed that the caldera was formed by at least two distinct episodes of collapse, the first encompassing most or all of the 4-km-diameter summit plateau and the second overlapping the southwestern portion of the first. 40 Ar/ 39 Ar ages of flows truncated by the first caldera collapse (referred to as "Old Pre-caldera flows") range from 76 ± 2 ka to 172 ± 5 ka (1s analytical uncertainty), and ages of flows truncated by the second caldera collapse (referred to as "Young Precaldera flows") range from 21 ± 2 ka to 27 ± 2 ka (Harpel et al., 2004; Kelly et al., 2008a) . Mapping of the summit area by Caldwell (1989) and Harpel et al. (2004) based on field observations and aerial photographs has delineated 10 caldera-filling phonolite lava flows, referred to below as the "post-caldera flows" (Fig. 2) . Due to extensive snow and ice coverage, the lateral extent of these flows is highly uncertain in many places, particularly in the southern portion of the caldera. The post-caldera flows are petrologically identical, geochemically very similar, and have 40 Ar/ 39 Ar ages ranging from 0 ± 2 ka to 17 ± 4 ka, with an average interval of 1.8 ka between flows (Harpel et al., 2004; Kelly et al., 2008a) . The post-caldera lava flows are the youngest flows on Erebus and the primary focus of this study. Most of the 40 Ar/ 39 Ar ages determined on anorthoclase separates from the post-caldera flows have large, overlapping analytical uncertainties due to their young ages, making the timing and sequence of eruptions difficult to interpret. Erebus lavas have also been shown to contain significant quantities of excess 40 Ar in anorthoclase-hosted melt inclusions (Esser et al., 1997) , meaning that incomplete removal of melt inclusions from the samples prior to irradiation and analysis can result in overestimation of 40 Cl ages, as calculated and reported by Kelly et al. (2008a) , are significantly more precise and consistently younger than, but within 2s analytical uncertainty of, the 40 Ar/ 39 Ar ages reported by Harpel et al. (2004) for the same flows. Fig. 2 . Map of the Erebus summit caldera lava flows and exposure age sample locations. The lava flows were originally mapped by Caldwell (1989) and Harpel et al. (2004) based on field observations and aerial photographs. All lava flow boundaries are approximate. For each flow, the estimated eruption age and 1s analytical uncertainty, calculated from clinopyroxene 3 He exposure ages as described in the text (section 5.7), is shown using Lifton et al. (2014) 
Methods

Sample collection
Thirty-one exposure age samples were collected from the 10 post-caldera lava flows, an Old Pre-caldera flow, and a Young Precaldera flow (Table 1, Fig. 2 ). Each sample was collected from the top 5 cm of the lava flow. Two samples (E11-03 and E11-08) were later determined to be lava bombs unassociated with any lava flow and are excluded from the remainder of this paper (data for these samples can be found in Supplements AeD). Sample locations were determined using GPS and checked against satellite imagery (Csatho et al., 2008) . Replicate samples were taken from different areas of each of the post-caldera flows. Wherever possible, samples were collected from elevated horizontal surfaces to maximize exposure to cosmic rays and minimize the potential for past snow coverage. Surfaces with distinguishable pahoehoe ropes, indicative of minimal erosion, were preferred, though not available at all sample sites. To estimate the effect of shielding of the cosmic ray flux by surrounding topography, the azimuth (relative to true north) and inclination angle of topographic high and low points along the horizon at each sample location, as well as the dip of the sample surface, were measured using a Brunton compass and clinometer. Details of sample locations and other field data are given in Supplement A.
To measure sample bulk densities, a representative section of rock was selected and weighed, then coated in a thin layer of wax to seal vesicles and submerged in a partially-filled volumetric cylinder to determine its volume.
Helium-3 analysis
Cosmogenic
3 He was measured in clinopyroxenes from 31 samples and in olivines from 3 samples (E11-02, E11-05, and E11-31). Whole-rock samples were crushed to <1 mm for a few seconds using a stainless steel TEMA ring and puck mill or <2 mm using a jaw crusher and disk grinder. Samples used for 36 Cl analysis were crushed to the smaller grain size, whereas samples used only for 3 He analysis were crushed to the larger grain size. High-density minerals, which included clinopyroxene and olivine, were separated from the 0.5e1 or 1e2 mm fraction of each sample using undiluted lithium metatungstate, a heavy liquid with a specific gravity of 2.95. Grains that sank were rinsed with deionized water, acetone, and ethanol (15 min in each solvent in an ultrasonic bath) and air dried at room temperature. Magnetite-rich grains were removed using a hand magnet. Pure clinopyroxene or olivine grains were handpicked from the nonmagnetic fraction, taking care to avoid grains with adhered matrix glass, visible surface alteration, or a large number of mineral inclusions. Some clinopyroxene grains had a very thin film of glass adhered to the outside that was not removed. Olivine grains, which had larger bits of matrix glass adhered to the outside, were abraded using compressed air to remove the exterior and then rinsed in 10% HNO 3 , making the final olivine grain size 0.25e1 mm. Clinopyroxene and olivine were analyzed for He concentration and isotopic composition at the Woods Hole Oceanographic Institution following previously described methods (e.g., Kurz et al., 1990; Licciardi et al., 1999; Ackert et al., 2003) . Helium-3 in the mineral grains comes from both cosmogenic and magmatic sources. The grains were first crushed in a vacuum to selectively release magmatic He, which is contained in melt and fluid inclusions. The released gas was purified by a series of getters and cryogenic traps and measured in a 90 magnetic sector noble gas mass spectrometer. The powdered minerals were then wrapped in aluminum foil and melted in a double-walled resistance furnace to release all remaining He in the grains, which was also purified and measured.
To determine whether the 3 He/ 4 He ratios measured during crushing were offset from the true magmatic value by the release of small amounts of cosmogenic He, 11 olivine separates from hyaloclastite cored by the Dry Valley Drilling Project (DVDP) core 3 (Kyle, 1981) were also crushed and analyzed for He isotopes. DVDP core 3 was drilled at Hut Point Peninsula, an eruptive center on Ross Island located 38 km south-southwest of Erebus's summit (Fig. 1) . Though the lavas exposed in the DVDP core erupted from a different vent than the Erebus lavas, we assume their magmatic 3 He/ 4 He ratios are similar because basic lavas throughout Ross Island all share the same radiogenic isotope signature, implying a relatively uniform mantle source for all vents (Sims et al., 2008 (Brenan et al., 1998; Dunai et al., 2007 Clinopyroxene and olivine grains from each dated sample were analyzed for major element composition using a Cameca SX100 electron microprobe at New Mexico Tech. For each mineral sample, 2e4 points spaced between the core and rim of each grain were analyzed on 4e6 grains.
Chlorine-36 analysis
Ten samples were analyzed for 36 Cl by accelerator mass spectrometer (AMS), including one from each post-caldera lava flow except Southeast Flow and one from the Young Pre-caldera flow. Erebus phonolite is known to have high Cl contents (~1100 ppm; Kelly et al., 2008a) , almost all of which is sequestered in matrix glass and melt inclusions. Schimmelpfennig et al. (2009) and Marrero (2012) have suggested that elevated Cl content in a sample may decrease the accuracy of the calculated exposure age due to large uncertainties in the rate of 36 Cl production by low-energy neutron capture on 35 Cl. To increase the reliability of exposure ages calculated in this study, all 36 Cl analyses were made on anorthoclase separates that contained low concentrations of Cl. Whole rock samples were crushed to a grain size of <1 mm in a TEMA mill. Approximately 50 g of crushed whole rock was powdered and sent to SGS Mineral Services in Toronto, Canada for bulk composition analysis by XRF, ICP-AES, and ICP-MS. The remainder of each sample was sieved to 0.150e1 mm or 0.125e1 mm. Anorthoclase grains were extracted using multiple passes through a Frantz magnetic separator. The anorthoclase was etched in 15% HF for 40 min in an ultrasonic bath to remove chlorine-bearing melt inclusions. Each separate was then leached in 5e12% HNO 3 for 20e72 h and 1% NaOH for 30e60 min to remove meteoric Cl and dissolve surface salts. Approximately 5 g was split from each clean separate, powdered using a mortar and pestle, and sent to Michigan State University for major element analysis by XRF.
Extraction of Cl from anorthoclase separates followed the technique in Marrero (2012) , which is modified from Zreda (1994) . Approximately 50e60 g of sample was precisely weighed, spiked with~3 mg of isotopically-enriched chloride (99.66% 35 Cl, from ICON), and dissolved in a mixture of HF and HNO 3 . Samples were kept on an orbital shaker and monitored for several days. Additional 20 mL aliquots of HF were added periodically until all grains were fully dissolved. AgNO 3 was added to the solution to precipitate AgCl, which was then purified by dissolving with NH 4 OH and reprecipitating with HNO 3 . Sulfur-36, a source of isobaric interference during AMS analysis, was removed by dissolving the AgCl and adding BaNO 3 to precipitate BaSO 4 . AgCl was again precipitated, rinsed, oven-dried, and shipped to PRIME Laboratory at Purdue University for AMS measurement of the 35 Cl/ 37 Cl and 36 Cl/Cl ratios.
Three blanks (BS-1, BS-2, and BS-3) were processed for 36 Cl analysis alongside the samples. To prepare a blank,~2 mg of 35 Cl spike was mixed with~150 mL HF and~25 mL HNO 3 . The Cl was then precipitated and purified using the procedure described above and sent for AMS analysis. Chlorine-36 and total Cl concentrations of the anorthoclase separates and blanks were calculated from the AMS results according to the method of Desilets et al. (2006) . Calculation details are described in Supplement C.
Exposure age calculation
Exposure ages were calculated using CRONUScalc (Marrero et al., 2015a) , a MATLAB ® -based exposure age calculator designed for most commonly used nuclides based on the 10 Bee 26 Al calculator developed by Balco et al. (2008) . Globally calibrated production rates from Borchers et al. (2015) and Marrero et al. (2015b) were used for 3 He and 36 Cl, respectively (Table 6 ). Two different methods were used to scale production rates: 1) Lal (1991) as modified by Stone (2000) (here referred to as St), and, 2) the fluxbased model presented by Lifton et al. (2014) (referred to as LSD). Atmospheric pressure at the sampling sites based on the ERA-40 model of the atmosphere (Uppala et al., 2005) , the topographic shielding coefficient at the sample location, and the effective attenuation length of the cosmic ray flux at the sample location were calculated from field data using CRONUScalc (Table 1). For   36 Cl age calculations, we assume each whole rock sample to have no pore water, and analytical water content is set equal to the measured loss on ignition at 1000 C (LOI) ( Table 5) . Nucleogenic 36 Cl is assumed to be in secular equilibrium with U and Th in the whole rock and subtracted from the measured 36 Cl concentration accordingly. Exposure ages were calculated assuming no erosion or past snow coverage of the sample surface (discussed in section 5.4).
Results
Helium-3 concentration
Measured cosmogenic
3 He concentrations in clinopyroxene and olivine are presented in Table 2 . Helium-3 concentrations were corrected for the magmatic component using the average He exposure age and production-rate studies, crushing clinopyroxene or olivine grains has been shown or assumed to quantitatively release only magmatic He (e.g., Kurz, 1986; Kurz et al., 1990; Ackert et al., 2003; Licciardi et al., 1999 Licciardi et al., , 2006 Anslow et al., 2010) (Table 2) . No significant zoning is observed between the cores and rims of the mineral grains. Because compositional variability in terms of the endmembers (wollastonite (Wo), enstatite (En), and ferrosilite (Fs) for clinopyroxene, and forsterite (Fo), fayalite (Fa), and tephroite (Te) for olivine) are so low, individual analyses for each sample were averaged to yield the composition given in Table 2 for each sample. Complete electron microprobe analyses are compiled in Supplement B.
Chlorine-36 concentration
Chlorine-36 and Cl concentrations are presented in Table 3 for  anorthoclase samples and Table 4 for blanks. All sample concentrations in Table 3 Cl and Cl concentrations are used for discussion below.
Anorthoclase and whole rock composition
The anorthoclase samples have a composition of An 12-16 Ab 67 Or 17-21 , similar to the range seen in other studies of Erebus anorthoclase (Kelly et al., 2008b ). Concentrations of the major elements in anorthoclase used to calculate the rate of production of 36
Cl by spallation and muons (K, Ca, Ti, Fe) are given in Table 5 . Whole rock concentrations of major and trace elements used to calculate the rate of production of 36 Cl by thermal and epithermal neutron capture and muons are also shown in Table 5 . Complete anorthoclase and whole rock analytical results are given in Supplement B.
Exposure ages
Helium-3 and chlorine-36 exposure ages are presented in Table 7 and displayed graphically in Fig. 4 . Ages calculated using the LSD model to scale production rates are referred to as "LSD ages," and those calculated using the St model are referred to as "St ages." Analytical and total uncertainties (1s) are reported for each age. Analytical age uncertainties account for uncertainties of the nuclide measurements, sample weight (±0.3 mg), sample thickness (±0.25 cm), and bulk density (±0.2 g/cm 3 ); for 36
Cl samples, uncertainties of the 35 Cl spike weight (±0.3 mg), HF used for dissolution (±10 mL), 35 Cl spike concentration (±0.01 mg 35 Cl/g solution), and anorthoclase K 2 O, CaO, TiO 2 , and Fe 2 O 3 concentrations (see Table 5 footnote for specific values) are also included. Total age uncertainties include analytical uncertainty as well as production rate uncertainties (see Table 6 for specific values) and atmospheric pressure uncertainty (5 hPa; Marrero et al., 2015a) .
Because the exposure ages in this study are determined on samples of similar chemical composition and from a narrow range He cr is the concentration of 4 He released during crushing. Note that the data points with the highest R/R a are both from sample E11-31, which is from the Old Pre-caldera lava flow sample, the oldest sample in this study. Error bars on data points represent 1s analytical uncertainty; if no error bars are visible then the uncertainty is smaller than the data symbol. The mean calculated for each dataset is weighted by uncertainty.
of elevations, the additional uncertainties incorporated in the total age uncertainty are systematic within the sample set and therefore not relevant for evaluating the relative ages of lava flows and samples (Balco et al., 2008) . For most of the discussion below only analytical age uncertainties are used. Total age uncertainties are used for comparison of exposure ages from this study to 
Discussion
LSD vs. St ages
One of the largest sources of potential error in determining exposure ages comes from scaling cosmogenic nuclide production rates. Scaling uncertainty is not well constrained but may be represented by the difference between ages calculated using different scaling models. In this study, St ages are 16e22% older than LSD ages for 3 He samples and 20e25% older than LSD ages for 36 Cl samples (Table 7) .
The large difference between LSD and St ages results primarily from two significant differences between the scaling models. First, the LSD model predicts a faster increase in the strength of the cosmic-ray flux with increasing altitude (Lifton et al., 2014) , meaning larger scaling factors than the St model at high elevation. Second, the LSD model accounts for temporal variability in the solar modulation of cosmic rays whereas the St model does not. The effects of solar modulation on cosmic rays are especially large at high latitudes, where the portion of the primary cosmic-ray flux most affected by variations in the solar wind is not moderated by the geomagnetic field (Niedermann, 2002; Lifton et al., 2005) . Because the mean solar modulation potential over the past several decades has been higher than during most of the Holocene (Usoskin et al., 2007; Steinhilber et al., 2008) , scaling models that do not account for temporal variability of solar modulation may overestimate the ages of high latitude samples.
Scaling uncertainty is systematic amongst samples from similar latitudes and elevations, such as those in this study, and can be excluded when comparing ages of the samples to each other (Balco et al., 2008) . For comparison of exposure ages with ages measured by other methods or with other exposure ages measured in a different location, scaling uncertainty is an important consideration that should be taken into account. The large difference between LSD and St ages in this study demonstrates that while exposure ages determined for samples at high latitude and high elevation may be precise as relative ages, their uncertainties are much larger when used as absolute ages.
Despite the large difference between LSD and St ages, the conclusions of this study are essentially the same using either scaling model. For the sake of simplicity and readability, only LSD ages will be used for the remainder of the discussion except where otherwise noted. Cl ages in anorthoclase agree within 1s analytical error for all samples except E11-10, in which ages agree within 2s ( Cl ages in this study says little about the accuracy of the production rates determined for these pathways.
3
He production in Fe-rich olivine For the three samples (E11-02, E11-05, E11-31) in which 3 He was measured in both clinopyroxene and olivine, the cosmogenic 3 He concentration in olivine is significantly lower (by 16.8%, 13.5%, and 4.6%, respectively) than that in clinopyroxene, resulting in younger ages being determined in olivine. The difference between cosmogenic 3 He concentrations in olivine and those in clinopyroxene is greater than 1s analytical uncertainty for all three samples and greater than 2s for E11-02 and E11-05 (Table 2 ). These differences probably arise at least in part from the compositional dependence of cosmogenic 3 He production. Theoretical estimates from several studies (Lal, 1991; Masarik and Reedy, 1995; Masarik and Beer, 1999; Masarik, 2002) suggest that the production rate of 3 He by spallation of Fe and Ca is significantly less than that from Mg, Si, O, and Al. Olivine or pyroxene that is Fe-or Ca-rich should therefore accumulate less 3 He over a given time span than more Mg-rich phases. The olivines in this study have nearly twice as much Fe as Mg by weight (see Supplement B). Using the elemental production rates from Masarik (2002) and the average major element composition of each sample, the production rates of 3 He in olivine phenocrysts from E11-02, E11-05, and E11-31 are predicted to be, respectively, 7.3%, 6.5%, and 5.4% lower than in clinopyroxene phenocrysts from the same samples (Table 8 ). The measured differences between 3 He concentrations in olivine and clinopyroxene are noticeably larger than this for E11-02 and E11-05; however, the general trend of lower 3 He c concentrations in olivine is consistent with these predictions. The 3 He production rate from Borchers et al. (2015) that was used to calculate ages in this study was calibrated from a dataset that included measurements in both olivine and pyroxene (note that this dataset is a subset of the data used by Goehring et al. (2010) , with the remainder used for calibration verification). He ages from each flow that are concordant within 1s analytical uncertainty. (c) Age probability distributions of the post-caldera flows based on their estimated eruption ages (LSD only) and 40 Ar/ 39 Ar ages using 1s analytical uncertainty. The distribution represents the relative probability that an effusive eruption occurred within the Erebus caldera at a given point in time. The curve generated by the new exposure ages is much different than that based on published 40 Ar/ 39 Ar ages. Whereas the 40 Ar/ 39 Ar-based curve
suggests an approximately equal, but low, probability of eruptions at any time over the past~15 ka, the exposure age-based curve indicates a relative high probability of eruptions during short intervals between~4 and 8 ka. The probability distribution of St ages (not shown) has a similar shape to that of LSD ages but is~20% older. Either exposure age distribution suggests that the period of heightened effusive activity during which the post-caldera flows erupted has stalled or ended.
Helium-3 exposure ages calculated using the Borchers et al. (2015) 3 He production rate (115 atoms/g/a using LSD scaling) should therefore be more accurate in this study for clinopyroxene than for olivine. This is supported by concordance of clinopyroxene 3 He ages with 36 Cl ages in E11-02 and E11-05 ( 36 Cl was not measured in E11-31). Only 3 He ages determined in clinopyroxene will be used for the remainder of the discussion.
Effects of erosion and snow cover
The largest source of uncertainty in the relative ages of the samples comes from geological variables that cannot be constrained, the most important of which are erosion and past snow coverage. Both factors can lead to underestimation of the exposure age e erosion by removing cosmogenic nuclides that have accumulated at the surface, and snow coverage by partially or completely shielding the surface from the cosmic-ray flux.
The degree to which apparent exposure ages are underestimated due to erosion depends on the erosion rate and exposure age of the sample. On Erebus, erosion rates of lava flows are low due to the cold, dry climate and high altitude. If we assume that samples from the post-caldera flows have eroded at a rate of 1 mm/ka for the duration of their exposure, their calculated 3 He and Cl ages increase by only 0.1e0.6% and 0e0.4%, respectively (Fig. 6 ). For such young samples on Erebus, the effect of erosion on exposure age is probably negligible.
Exposure ages of the three older samples have greater potential to be influenced by erosion: assuming an erosion rate of 1 mm/ka, the 3 He ages of samples E11-04 (18.64 ka), E11-12 (27.61 ka), and E11-31 (74.94 ka) increase by 1.4%, 1.9%, and 5.2%, respectively, and the 36 Cl age of E11-04 (17.95 ka) increases by 1.2% ( 36 Cl was not measured in E11-12 or E11-31). The surface of E11-31 appeared noticeably eroded in the field (see Supplement A field notes), meaning the exposure age of E11-31 is probably underestimated. The surfaces of E11-04 and E11-12 had a much fresher appearance with no obvious signs of erosion. Given the polar, high altitude location of the Erebus summit plateau, snow coverage is the most likely source of potential age underestimation on Erebus for all samples except E11-31, which is more likely to be underestimated due to erosion. The magnitude of the effect of snow coverage on exposure age is a function of the depth, density, and duration of snow cover and does not depend on the age. For example, assuming in the age calculation that the Erebus samples were covered by 1 m of snow with a density of 0.5 g/cm 3 for 50% of the duration of their exposure would increase their 3 He and 36 Cl exposure ages by 15e20% based on snow-cover corrections from Gosse and Phillips (2001) and Zweck et al. (2013) , regardless of age (Fig. 6) . The degree to which exposure ages have been underestimated due to past snow coverage can be qualitatively evaluated by comparing the ages of samples collected from different areas of the same flow. Because snow cover on the Erebus summit plateau occurs in the form of localized drifts rather than seasonal snowfall, the depth and duration of past snow cover is unlikely to have been uniform from one sample location to the next. Significant burial effects on the cosmogenic nuclide concentrations of surface samples would result in a broad scattering of ages in samples collected from different parts of the same flow.
For lava flows in which multiple samples were collected, we find generally close agreement of 3 He ages determined in different areas of the same flow ( 36 Cl ages were determined in only one location per flow and so cannot be compared). The difference between the oldest and youngest 3 He age in each flow ranges from 2.2% to 18.6%
relative to the oldest, with a median value of 6.1%. In 7 of the 10 post-caldera flows, all 3 He exposure ages determined with the same flow have overlapping 2s analytical uncertainties, and in all 10 post-caldera flows at least 2 ages overlap within 2s. The narrow age range observed within most of the flows indicates that the effect of snow cover on exposure ages, while not negligible, has been small. The Southwest and Tramways flows have significantly greater differences between the youngest and oldest exposure ages than the other flows (18.7% and 13.2%, respectively). In the Southwest flow, the only outcrops available for sampling are low-lying, making snow coverage a good explanation for the age range. In the Tramways flow, all three samples were collected from highstanding outcrops not likely to have experienced significant snow cover. The scatter in this case may be the result of surface shift, as both of the Tramways samples with younger apparent ages (E11-14 and E11-15) were collected from detached blocks that may have been rotated sometime after flow emplacement (see field notes in Supplement A). Another possible explanation for the broader age scatter is that the Southwest and/or Tramways lava flow boundaries are mapped incorrectly, in which case the variation in exposure ages could reflect actual differences in the eruption ages of the outcrops from which the samples were collected. Ar ages (8e39%), yielding much more reliable relative ages of the flows. The sequence of post-caldera eruptions revealed by the exposure ages differs considerably from that suggested by the 40 Ar/ 39 Ar ages (referred to below as "Ar ages"). For instance, the Southwest flow has the oldest Ar age and the youngest exposure ages, and the Upper Ice Tower Ridge flow has the second youngest Ar age and second oldest exposure ages. The span of postcaldera lava flow ages is also quite different: the oldest and youngest Ar ages of the post-caldera flows are 17 ka apart, whereas the difference between the oldest and youngest exposure ages is only 4.7 ka. To determine which lava flows have concordant exposure ages and Ar ages, we use the total rather than analytical uncertainties of (0) 155 ± 13 151 ± 10 P sp,Ca (0) 56.6 ± 4.7 52.5 ± 3.6 P sp,Ti (0) 13 ± 3 1 3 ± 3 P sp,Fe (0) 1.9 ± 0 1.9 ± 0 P f (0) 690 ± Cl by spallation of Ti (Fink et al., 2000) ; P sp,Fe (0) is the production rate of 36 Cl by spallation of Fe (Stone, 2005) ; P f (0) is the production rate of epithermal neutrons from fast neutrons in the atmosphere at the rock surface, which is used to calculate the production rate of 36 Cl by low-energy neutron capture (Marrero et al., 2015b) . Exposure ages are reported with both analytical and total uncertainties (total uncertainty is in parentheses). Uncertainties are calculated as described in text and reported at 1s. The estimated eruption age ("est. erupt. age"), shown in bold, is calculated for each post-caldera lava flow as the error-weighted mean of the italicized ages in the flow, which are the oldest 3
He ages with overlapping 1s analytical uncertainties. Helium-3 ages not used to calculate the estimated eruption age for each flow are assumed to be skewed young due to environmental factors such as snow cover and erosion (see sections 5.4 and 5.7).
a Exposure age calculated using the flux-based model from Lifton et al. (2014) to scale cosmogenic production rates. b Exposure age calculated using Lal (1991 )/Stone (2000 to scale cosmogenic production rates. Ar ages for the Old Precaldera and Young Pre-caldera flows are from samples E93013 (Harpel et al., 2004) and E86003 (Kelly et al., 2008a) , which are the closest 40 Ar/ 39 Ar sample locations to the exposure ages collected for those flows. d Chlorine-36 ages from Kelly et al. (2008a) are recalculated using CRONUScalc, as described in the text (section 5.6). Analytical age uncertainties incorporate uncertainty of the 36 Cl concentration (see Kelly et al., 2008a) , Cl concentration (3% of the Cl concentration reported in Kelly et al. (2008a) (Aruscavage and Campbell, 1983) ), sample thickness (1 cm), bulk density (0.4 g/cm the exposure ages. Total uncertainties (1s) of the 3 He ages (14e18%) and 36 Cl ages (7e9%) are significantly larger than analytical uncertainties mainly due to large uncertainties of the 3 He and 36 Cl production rates. The 16% uncertainty calculated for the 3 He production rate by Phillips et al. (2015) (Table 6 ) results in especially large total age uncertainties for 3 He and is attributed to "less-thanoptimal" data by the authors of that paper and described as "probably not representative of the method. Cl was measured, which include 9 of the 10 post-caldera flows and the Young Pre-caldera flow (Fig. 7) . Of these, 36 Cl ages (using LSD scaling) and Ar ages agree within 2s total uncertainty in five of the post-caldera flows and in the Young Pre-caldera flow. This concordance is more a reflection of the large uncertainties of the Ar ages than of similarity between the Ar and 36 Cl ages; in fact, Ar E prior to 40 Ar/ 39 Ar analysis. Because the radiogenic 40 Ar content of the samples is so low due to their young ages, a small amount of unremoved 40 Ar E would significantly affect apparent ages.
Concordance of exposure ages and Ar ages in the pre-caldera samples within analytical uncertainty supports this explanation, since trace amounts of residual 40 Ar E would have a lesser effect on the apparent age of an older sample (note that agreement of the 3 He age of sample E11-31 (74.94 ± 1.71 ka) from the Old Pre-caldera flow with the Ar age of the nearest Ar-dated sample (86 ± 8 ka, from Harpel et al., 2004 ) improves when we consider that the E11-31 surface has probably been eroded (see section 5.4)). Cl age. Underestimation of Ar ages in samples with extremely low radiogenic 40 Ar content can result from precipitation of the K-bearing phase elpasolite onto the mineral grains when the samples were etched in HF to remove melt inclusions (B. McIntosh, pers. comm.), or from overestimation of atmospheric Ar concentrations in blanks. Alternatively, this could be an indication that LSD scaling is more accurate than St scaling or that both the 36 Cl and 3 He production rates are underestimated. Kelly et al. (2008a) 36 Cl ages in CRONUScalc using LSD scaling, production rates from Marrero et al. (2015b) , and ERA-40 atmospheric pressure. We assume zero topographic shielding, sample thickness of 5 cm, sample bulk density of 1.8 g/cm 3 , pore H 2 O content of 0%, analytical H 2 O content of 1.5 wt%, no erosion, and no snow cover. All other data come from the original paper.
Analytical and total age uncertainties are calculated as described in Cl. In contrast, production of 36 Cl in the anorthoclase samples from this study is dominated by spallation of K and Ca, with only~2e10% of production coming from low-energy neutrons. Because the compositions of the anorthoclase samples used for 36 Cl analysis in this study differ dramatically from the bulk rock samples used by Kelly et al. (2008a) , production rate uncertainty is not systematic between the two sample sets and must be taken into account when comparing the their ages. The production rate of 36 Cl by spallation of K and Ca has been more precisely calibrated than the production rate of 36 Cl from low-energy neutrons, which relies on a complex calculation of the thermal and epithermal neutron fluxes in the vicinity of the sample (Gosse and Phillips, 2001; Marrero et al., 2015b) . The uncertainty of the lowenergy neutron production rate calculation is reflected in part by the uncertainty of the calibrated parameter P f (0), the production rate of epithermal neutrons from fast neutrons in the atmosphere at the rock surface (Liu et al., 1994) . For the LSD age calculation, we use the value 690 ± 181 neutrons (g air) À1 year À1 from Marrero et al. (2015b) for P f (0). Accounting for the large uncertainty of this parameter in the age calculation results in total age uncertainties that are much larger for the Kelly et al. (2008a) samples (21e25%) than for the anorthoclase samples from this study (7e9%). Even larger uncertainties for the 36 Cl Kelly,rev ages would probably be more realistic since the uncertainty of P f (0) does not account for error related to bulk rock composition, which directly affects the low-energy neutron flux in the sample (Gosse and Phillips, 2001) .
Additional error in the production rate of 36 Cl by low-energy neutron capture may be related to the effects of surrounding snow cover on low-energy neutron fluxes. and Zweck et al. (2013) have shown theoretically that an abundance of hydrogen within, on, or near a sample can decrease both the epithermal and thermal neutron fluxes in the sample. The effects of near-surface water and snow on low-energy neutron fluxes are not limited to the immediate vicinity of the water or snow but may extend over 100 m into the atmosphere due to the decameter-tohectometer scale lengths of the mean free paths of thermal and epithermal neutrons in air (e.g., Hendrick and Edge, 1966; O'Brien et al., 1978; Masarik et al., 2007) . Zweck et al. (2013) used modeled fluxes to show that snow cover can substantially alter cosmogenic production rates in a sample that is many meters away from the snow. Since most of the Erebus summit plateau is covered in deep snow and ice year-round, it is plausible that the fluxes of low-energy neutrons in surface rocks throughout much or all of the caldera are significantly lower than fluxes predicted based on dry rock. The rate of 36 Cl production from low-energy neutrons would then be overestimated and the exposure age underestimated in samples with high Cl content, such as those from Kelly et al. (2008a) , whereas the ages of samples with low Cl content would barely be affected. Cl (Lal, 1987) . The primary source of a-particles is the decay of uranium and thorium in the bulk rock matrix, both of which are abundant in Erebus lavas (U ¼~6e7 ppm, Th ¼~21e22 ppm; Table 5 ). Exposure ages in this study and in Kelly et al. (2008a) were calculated assuming nucleogenic 36 Cl was in secular equilibrium with U and Th in the lava at the time of eruption and has remained at this concentration ever since. Such an assumption would result in age underestimation for young volcanic rocks with high Cl, U, and Th if some or all of the nucleogenic 36 Cl accumulated in the melt during residence in the crust was lost prior to or during eruption (Marrero et al., 2015b) . In one of the only studies that has addressed this problem, Schimmelpfennig et al. (2009) Cl content is most accurate (Marrero et al., 2015b) .
In another comparison of exposure ages determined for high Cl and low Cl samples from the same location, Schimmelpfennig et al. (2009) reported ages 30% older in the high Cl samplesdthe opposite of the trend seen in this study. While we can only speculate on why the age discrepancy between high and low Cl samples revealed by this study is the opposite of that seen by Schimmelpfennig et al. (2009) Cl exposure age studies whenever possible.
Eruption chronology of the post-caldera flows
We calculate the estimated eruption age of each of the 10 post-caldera lava flows as the error-weighted mean of the oldest 3 He exposure ages that have overlapping 1s analytical uncertainties (Table 7 , Fig. 4 ). Although the narrow age range observed within most of the flows indicates that snow cover has had only a minor effect on most of the exposure ages, age underestimation due to occasional snow cover still serves as the best explanation for why multiple 3 He ages scatter outside of analytical uncertainty in some flows (see section 5.4). Alternatively, there are very few ways in which a 3 He exposure age could be overestimated besides production rate or scaling errors, which would be systematic and have little effect on relative ages. The oldest exposure ages in each flow therefore provide the best estimation of the eruption age of the flow. We exclude 36 Cl ages from the determination of estimated eruption ages since only one per lava flow was determined. The estimated eruption ages suggest that the post-caldera flows were erupted much closer together in time than previously thought, spanning a total age range of only~4000 years. The ages are clustered in time rather than evenly spaced, suggesting that multiple eruptions occurred during relatively brief surges of effusive activity separated by~700-1100-year-long periods of quiescence (Fig. 4) . Repose intervals during surges of activity range from 60 to 460 years in length. These numbers are all slightly larger if St ages are used. The sequence of post-caldera lava flow eruptions, based on estimated eruption ages, is described below using LSD ages and 1s analytical uncertainty. In general, the chronology of the post-caldera effusive eruptions determined using St ages is similar to that based on LSD ages, but older and extended over a slightly longer time range (Fig. 4) .
The oldest post-caldera flow identified is South flow, with an estimated eruption age of 8.50 ± 0.19 ka. The flow is small and lies on the southern side of the caldera close to the Main Crater in an Sample E11-04 (~17.5 ka LSD age) was also dated using both techniques but is not plotted or included in the linear regression equation or correlation coefficient for each dataset. , duration of snow coverage equal to 50% of the sample's exposure age, and an erosion rate of zero. Production rates are corrected for snow cover using equations from Gosse and Phillips (2001) for 3 He production and spallogenic 36 Cl production and equations from Zweck et al. (2013) for 36 Cl production by low-energy neutron capture. Fig. 7 . Exposure ages of the post-caldera lava flows with 1s total uncertainty versus 40 Ar/ 39 Ar ages from Harpel et al. (2004) and Kelly et al. (2008a About 1030 years after the eruption of South flow, Upper Ice Tower Ridge (7.47 ± 0.16 ka) was erupted, followed shortly after by the Northeast (7.01 ± 0.11 ka), Southeast (6.85 ± 0.08 ka), and Lower Ice Tower Ridge (6.67 ± 0.11 ka) flows. Ages of the latter three flows are within 2s analytical uncertainty of each other. Despite their similarity in age, the flows are widely distributed throughout the southern and eastern portions of the caldera.
After an apparent hiatus of~1120 years, the Tramways (5.55 ± 0.12 ka), Lower Hut (5.36 ± 0.08 ka), and Nausea Knob (5.30 ± 0.08 ka) flows were emplaced in the northern caldera as another pulse of effusive eruptive activity. Ages of the flows produced during this period are again all within 2s analytical uncertainty of each other, but the flows are much more geographically concentrated than those from the previous set of eruptions. Given their proximity in location and age and the lack of a visible contact between them, Lower Hut and Nausea Knob may actually be the same flow. The Lower Hut flow has by far the largest surface area of any of the summit-area flows, with 42% of the total combined area of all 10 post-caldera flows (see Supplement E). Assuming the summit flows all have similar thicknesses, the highest volume of lava was erupted during this period.
A~690-year break in activity was followed by the eruption of the final two caldera-filling lava flows: Southwest (4.60 ± 0.11 ka) and Northwest (4.52 ± 0.08 ka). The sample locations in the Southwest flow are low-lying and the likelihood that their exposure ages have been affected by snow coverage is supported by the 19.0% age difference between the oldest and youngest sample. The estimated eruption age given for the Southwest flow therefore has a strong possibility of being underestimated. The probable vent locations for both the Northwest and Southwest flows lie in the southwestern quadrant of the caldera.
No effusive eruptions have occurred on Erebus since the Northwest flow~4500 years ago. The only subsequent development of the volcanic edifice has been continued growth of the summit cone by the addition of small amounts of pyroclastic material ejected during Strombolian eruptions. The long-term growth rate of the cone can be estimated using the age of the South flow, which has the highest elevation of any lava flow on Erebus. The upper end of the flow lies approximately 50e80 m below the main crater rim. Since the summit cone must have been at least this high when the South flow was erupted at around 8.50 ka, the average rate of cone growth between the eruption of South flow and the present is~6e9 m/ka.
The combined mapped surface area of the post-caldera flows is approximately 7.44 km 2 (Supplement E). Assuming a uniform thickness of 5 m for all flows, the estimated average eruption rate during the~4000-year period over which the flows were erupted is 0.01 km 3 /ka (the estimate is a minimum because we do not account for lava that flowed past the edge of the summit plateau or pyroclastic material erupted as tephra). This rate is far below the long-term average eruption rate of 1.7 km 3 /ka estimated for the entire 1.3-Ma-old Erebus edifice, and even farther from the 4.0 km 3 /ka average estimated for the last 250 ka , illustrating that even the most recent period of effusive activity was part of a long-term quiescent phase on Erebus. For comparison with other currently active polygenetic stratovolcanoes, the average eruption rate of Mt. Sakurajima over the last 14 ka is 1.8 km 3 /ka (Crisp, 1984) (Wadge, 1980) .
West flow: new evidence for two caldera collapses
Near the western edge of the caldera at the E11-12 sample location, we presume the existence of a previously unmapped caldera-filling lava flow that is significantly older than the other post-caldera flows sampled in this study. Outcrops in this area were mapped as part of the Northwest flow by Caldwell (1989) and Harpel et al. (2004) and have a field appearance similar to that of outcrops in the Northwest flow. However, we determine a 3 He LSD exposure age of 27.61 ± 0.63 ka for E11-12, substantially older than samples E11-05 and E11-13 in the Northwest flow (Table 7) . We also note a subtle but distinct difference in clinopyroxene composition, marked primarily by FeO content that is higher than any of the post-caldera flows and similar to the Young Pre-caldera flow (see Fig. B1 in Supplement B), supporting the older age of this sample.
The lava flow containing sample E11-12, here called the West flow, clearly overflows the western caldera rim, meaning it is younger than the collapse of that portion of the caldera. However, eruption of the West flow must also predate collapse of the southwestern portion of the caldera because sample E11-12 is older than the youngest 40 Ar/ 39 Ar age of any Young Pre-Caldera flow (21 ± 2 ka; Harpel et al., 2004) . Identification of the West flow therefore substantiates the hypothesis, originally proposed by Harpel et al. (2004) , that the summit caldera was formed by at least two separate collapse events.
Conclusion
We used cosmogenic 3 He ages of clinopyroxene and olivine and Cl ages determined on the same samples are concordant, with a correlation coefficient of 0.986, implying that the methods used here are robust and the production rates used to calculate ages are internally consistent for the latitude (~77 S) and altitude (~3200e3600 m) of the Erebus summit plateau. 2) Exposure ages calculated using Lal (1991 )/Stone (2000 scaling factors are 16e25% older than those calculated using flux-based Lifton et al. (2014) scaling factors, highlighting the magnitude of exposure age uncertainty related to scaling at high latitude and high elevation. 3) Estimated eruption ages calculated for each post-caldera flow based on 3 He exposure ages indicate that the flows were erupted during a few closely spaced periods of activity between 4.52 and 8.50 ka (using Lifton et al. (2014) scaling). The average eruption rate over this period is estimated to be 0.01 km 3 /ka, far below the average long-term eruption rate of Erebus. Close agreement between multiple 3 He ages determined on samples from different areas of the same flows implies that the exposure ages have not been significantly altered by snow coverage. 4) The longest period of repose between eruptions of the postcaldera flows was~1.1 ka. Given that the youngest flow (Northwest flow) erupted at least 4 ka ago, we consider the most recent effusive eruptive phase to have ended.
Other conclusions are:
5) The et al. (2008a) in whole rock samples are best explained by underestimation of the Kelly et al. (2008a) ages due to the high chlorine content of the samples. 9) The West flow, newly identified by its exposure age, is stratigraphically younger than the collapse of the old caldera but has a 3 He age older than the youngest of the Young Pre-caldera flows, supporting the proposition that the summit plateau was formed by at least two distinct caldera-forming events.
